Introduction
============

A hallmark of Alzheimer´s disease (AD) is the deposition of Aβ peptides, produced by sequential cleavage of the amyloid precursor protein (APP) by β- and γ-secretase. In the competing non-amyloidogenic pathway that is meditated by α-secretase, APP cleavage occurs at a membrane-proximal site within the Aβ region. Thus, α-secretase processing not only precludes the formation of Aβ peptides but also liberates the large soluble, neuroprotective ectodomain APPsα that is secreted into the extracellular space \[[@B1]-[@B3]\]. Classically, synapse loss in AD has mainly been attributed to the synaptotoxic effects of various Aβ species. However, there is increasing evidence that reduced levels of APPsα and loss of APP-mediated functions may contribute to cognitive dysfunction in AD and augmentation of α-secretase activity has been suggested as a therapeutic approach for AD \[[@B4],[@B5]\]. APP is a member of a small gene family that includes in mammals the APP-like proteins APLP1 and APLP2 (reviewed in \[[@B6]\]). Although APLPs lack the Aβ region, they share with APP several highly conserved domains, are similarly processed by the same secretases and serve partially redundant functions. Although the physiological functions of APP and APLPs are not fully understood, evidence from mouse models indicates a key role of the APP family for neuronal migration, synaptogenesis, synaptic function and plasticity \[[@B6]-[@B8]\]. APP knockout (KO) mice showed reduced grip strength, agenesis of the corpus callosum and impaired spatial learning associated with deficient long-term potentiation (LTP) \[[@B9]-[@B15]\]. Interestingly, we could previously demonstrate that APPsα serves a key functional role, as APPsα knockin (APPsα−KI) mice expressing only secreted APPsα rescued the deficits of APP-KO mice, including impairments in grip strength, spatial learning and synaptic plasticity \[[@B15]\].

At the cellular level, the role of APP and its proteolytic fragments for neuronal morphology appears complex. Transgenic APP overexpression decreased spine density in aged animals, whereas prior to the onset of plaque deposition increases in spine density were observed (reviewed in \[[@B16]\]). Conversely, age APP-KO mice showed alterations in dendritic arborization \[[@B14]\] and reduced spine densities on dendrites of cortical and hippocampal neurons \[[@B17]\]. In contrast, earlier studies found an increase in spine density in the cortex of young APP-KO mice \[[@B18]\] and in autaptic hippocampal APP-KO cultures \[[@B19]\]. These conflicting results might be related to the neuronal cell type and/or age of animals studied, or may be confounded by APLP mediated redundant functions. Indeed, mice lacking single family members are viable, whereas combined APP^-/-^APLP2^-/-^ and APLP1^-/-^APLP2^-/-^ mice die shortly after birth due to impaired neuromuscular transmission \[[@B20],[@B21]\].

Nonetheless, the specific versus redundant function(s) of APP family members for neuronal architecture and spine density and the role of their various proteolytic fragments remained unclear. Here, we performed a systematic comparative analysis of neuronal morphology in the hippocampus of single and combined APP/APLP2-KO mice. These studies revealed a combined and partially redundant role of APP and APLP2 for dendritic architecture and a unique function of APP and secreted APPsα for spine density.

Material and methods
====================

Preparation of slice cultures
-----------------------------

Organotypic hippocampal slice cultures were prepared as previously described \[[@B22]\]. P0 mice were decapitated, the hippocampi were dissected in ice-cold Gey's Balanced Salt Solution (GBSS, containing: kynurenic acid (0.5 μM), adjusted to pH 7.2), sliced transversely at a thickness of 400 μm using a tissue chopper (McIllwain, Wood Dale, IL) and kept for 30 min at 4°C in GBSS. The slices were plated onto Millicell-CM membrane inserts (Millipore, Bedford, MA) and cultivated (37°C, 7% CO~2~). Three days after preparation, a mixture of anti-mitotic drugs (uridine, cytosine-β-D-arabinofuranoside hydrochloride, 5-fluoro-2'-deoxyuridine) was applied for 24 h in order to reduce the number of non-neuronal cells. In addition, entorhino-hippocampal slice cultures (see \[[@B23]\], with minor modifications) of Thy1-GFP × APP-KO mice (P3-5) were prepared and cultivated for 12-14 days prior to imaging (age at analysis was thus equivalent to cultures prepared at P0).

Particle-mediated transfection
------------------------------

Organotypic hippocampal cultures (OHCs) were biolistically transfected at DIV14 using the Helios Gene Gun system (Bio-Rad) including a modified gene gun barrel (for details see \[[@B24]\]). Plasmid coated microcarriers (gold, diameter 0.6 μm) were shot onto the slices using a helium burst of 70 PSI. To avoid tissue damage by larger particles, culture inserts with a pore width of 3 μm were used as filters. Bullets for transfection were prepared according to the manufacturer's instructions (BioRad). Briefly, 2 μg plasmid DNA per mg gold was coated onto 0.6 μm gold particles. A membrane targeted farnesylated EGFP (fEGFP) under control of the neuron specific synapsin promoter was transfected, allowing the visualization of the complete dendritic tree. DNA precipitation (CaCl~2~) and coating onto gold microcarriers was performed following the protocol described by \[[@B25]\]. OHCs were fixed with PFA (4%) three days post-transfection.

Neuronal imaging and analysis
-----------------------------

The gene gun mediated delivery of a single gold microcarrier carrying the fEGFP expression plasmid results in the intense labeling of the whole dendritic tree as well as all dendritic spines of an individual pyramidal neuron. For the analysis we have selected only non-overlapping labeled neurons to obtain an unambiguous reconstruction of the entire dendritic arborization. The CA1 neurons selected for analysis were imaged with a Nikon A1R confocal microscope using a 488 nm laser. Each neuron was first imaged using a 20 × objective (Numerical aperture (NA): 0.8) and z-sectioned at 1 μm increments to obtain a three-dimensional reconstruction of the entire dendritic tree, subsequently used for Sholl analysis of total dendritic length and complexity \[[@B26]\]. The morphometric Sholl analysis was obtained from reconstructed neurons using the Neurolucida and NeuroExplorer software (MicroBrightField, Williston, USA). In short, a series of concentric spheres (centered around the soma) were drawn with an intersection interval of 30 μm and the number of dendrites crossing each sphere was calculated. This analysis was done separately for basal and apical dendrites and was plotted against the distance from the soma. We also calculated the total dendritic complexity, which reflects the total number of dendrite crossings for each pyramidal neuron using 10 μm increments. For analysis of spine density in OHCs identical parts of basal and mid-apical dendrites were imaged at a higher magnification with a 60 × 1.4 NA Plan-APO oil immersion objective (zoom factor 1.8) and a z-stack thickness of 0.15 μm. Deconvolution of confocal stacks was done using Huygens Deconvolution Analysis software (Nikon Imaging Center, Heidelberg University). Only protrusions emanating laterally from the dendrites and exceeding the threshold of 0.3 μm were included for spine analysis (similar to \[[@B27]\], with minor alterations). All neurons were imaged and analyzed blind to genotype. In entorhino-hippocampal slice cultures GFP-labeled CA1 neurons were imaged using an upright Zeiss confocal microscope. Quantitative analysis was performed in line with Holtmaat et al. \[[@B27]\]. Only lateral spines were counted exceeding a threshold of 0.4 μm from the dendrite. Again, neurons were analyzed blind to genotype.

Classification of spines
------------------------

Dendritic spines were classified as stubby-, mushroom- and thin- shaped spines \[[@B28]\] according to their length (from the base up to the tip of their head) and the ratio between the minimum neck (min~neck~) and the maximum spine head (max~head~) diameter \[[@B29]-[@B31]\]. The following criteria were used for spine subtype classification: stubby (length \< 1 μm, max~head~/min~neck~ ratio \< 1.5), mushroom (max~head~/min~neck~ ratio ≥ 1.5, independent of spine length), thin (length ≥ 1 μm, max~head~/min~neck~ ratio \< 1.5).

Statistical analysis
--------------------

Values obtained for spine density, dendrite number or dendritic length were exported to Microsoft Excel or Graphpad Prism for statistical analysis. Comparison of group means was performed using Student's t-test or ANOVA with an appropriate post hoc test as stated in the results section. Sholl analysis data were compared using repeated measure ANOVA with genotype as the between group factor and distance from soma as the repeated-measure factor. Bonferroni multiple comparison test was used to compare means of a defined distance to soma between different genotypes. All data shown are presented as mean ± SEM if not stated otherwise. Level of significance was set at p \< 0.05.

Electrophysiological recordings in organotypic hippocampal cultures
-------------------------------------------------------------------

After placing the OHCs in a submerged recording chamber, field excitatory postsynaptic potentials (fEPSPs) were recorded in the stratum radiatum of the CA1 region with a glass micropipette (resistance 2-10 MΩ) filled with 3 M NaCl at a depth of \~100-150 μm. Investigation of the basal synaptic transmission was performed by correlating fEPSP sizes to defined stimulus intensities (input-output curve, 8-22 μA in steps of 2 μA). Presynaptic function and short-term plasticity were explored by using paired-pulse facilitation (PPF) paradigm with interstimulus intervals (ISI) ranging from 10, 20, 40, 80 to 160 ms. Data were collected, stored and analyzed with LABVIEW software (National Instruments, Austin, TX). The initial slope of fEPSPs elicited by stimulation of the Schaffer collaterals was measured over time, and plotted as average ± SEM.

Mice
----

The generation and genotyping of knockout lines was formerly described: APP-KO and APLP1-KO \[[@B20]\]; APLP2-KO \[[@B32]\]; APPsα-KI \[[@B15]\]. APP/APLP2 double knockout mice (DKO) were generated by three consecutive crosses. In short, APP-KO single mutants were intercrossed with APLP2-KO mice to obtain mice heterozygous for both loci. After backcrossing these mice onto an APLP2-KO background, heterozygous mice (APP^+/-^/APLP2^-/-^) were intercrossed to generate APP/APLP2-DKO mice and APLP2-KO littermate controls. All mice have been backcrossed at least six times to C57BL/6 mice that were used as WT controls. All mice were bred and housed under identical conditions in the same room throughout their lifetime. Crossbreeding of APP-KO with Thy1-GFP mice \[[@B33]\] yielded Thy1-GFP expressing APP-KO and APP-WT mice. From pups of these lines, entorhino-hippocampal slice cultures were prepared.

Western blot analysis
---------------------

The fractionation of soluble APPsα and cell bound holoAPP was performed as described by \[[@B15]\]. Briefly, to preserve cell membranes, brain hemispheres were homogenized in 10 volumes of sucrose containing tissue homogenization buffer (THB: 250 mM sucrose, 20 mM Tris-HCl pH 7.4, 1 mM EDTA, 1 mM EGTA, protease inhibitor cocktail) using a Potter-S Homogenisator (B. Braun). Remaining tissue fragments were removed by a low speed spin (5.000 × g, 5 min.). This 10% sucrose homogenate was mixed with an equal volume of 0.4% diethylamin (DEA), 100 mM NaCl and homogenized again by pottering. After high-speed centrifugation (100.000 × g, 1 h, 4°C) the APPsα containing supernatant (SN) was recovered, neutralized with 0.5 M Tris base pH 6.8 and mixed with 2× sample buffer for loading. Gel loading was normalized to total protein content determined by the BCA method (Pierce). Samples were separated by SDS-PAGE (10% Tris/tricine gels). Proteins were electroblotted onto polyvinylidene fluoride membrane (Immobilon-P, Millipore) and detected by Western blotting using monoclonal m3.2 antibody (at 1:1000), specific for the C-terminus of APPsα \[[@B34]\]. Antibody directed against β-tubulin was from Millipore (MAB3408, 1:10.000).

The study complies with German legislation on animal welfare and experimentation.

Results
=======

CA1 pyramidal cells of APLP2-KO and APLP1-KO mice show normal neuronal morphology
---------------------------------------------------------------------------------

We used single or combined KO mice to investigate the role of APP family members for neuronal morphology. As a combined APP/APLP2 double knockout (DKO) is lethal early after birth we analyzed morphology of pyramidal cells in organotypic hippocampal cultures (OHCs) prepared at postnatal day 0 (P0). Cultures were biolistically transfected with membrane-targeted farnesylated EGFP (fEGFP) which resulted in a small random population of fEGFP expressing neurons that were imaged and digitally reconstructed at day *in vitro* 17 (DIV17). We focused on CA1 as this region is highly vulnerable in AD, is one of the best studied brain regions with regard to synaptic plasticity, and we had previously demonstrated LTP defects at CA3/CA1 synapses in APP/APLP mutant mice \[[@B15],[@B35]\]. To this end, we first studied APLP2-KO cultures as compared to wild type (WT) cultures. No apparent alterations in dendritic orientation or gross neuronal architecture were observed when qualitatively comparing reconstructed mature CA1 neurons of APLP2-KO mice with WT neurons. In view of their different morphology and connectivity we analyzed apical and basal dendrites of CA1 neurons separately. Performing morphometric Sholl analysis we plotted the number of intersections with circles centered on the soma against the distance from the cell body (Figure [1](#F1){ref-type="fig"}a-c). For the measurement of dendritic complexity (Figure [1](#F1){ref-type="fig"}e) the complete dendritic arbor was analyzed. Detailed Sholl analysis of APLP2-KO neurons revealed unaltered complexity for both basal (Figure [1](#F1){ref-type="fig"}b) and apical (Figure [1](#F1){ref-type="fig"}c) dendrites (Repeated measures ANOVA; basal: Genotype F~(1,55)~ = 0.08081, p = 0.78, ns; apical: Genotype F~(1,55)~ = 1,551, p = 0.22, n.s.).

![**APLP2-KO CA1 neurons show a WT-like morphology. (a)** Schematic representation of morphometric Sholl analysis. The number of intersections between dendrites and concentric spheres centered on the soma was determined at various distances from soma (30 μm increments). Sholl analysis of basal **(b)** and apical dendrites **(c)** of CA1 pyramidal neurons from APLP2-KO and WT mice revealed no significant alterations in dendritic morphology (Repeated measures ANOVA with Bonferroni's multiple comparison test, n.s.). Neuron reconstruction and analysis were done using the Neurolucida and Neuroexplorer software (Microbrightfield). **(d-f)** Neither significant alterations in the number of primary basal dendrites (WT: 5.06 ± 0.37 versus APLP2-KO: 5.60 ± 0.43; Student's t-test p \> 0.05) **(d)** nor changes in the total dendritic complexity **(e)** or total dendritic length **(f)** were observed (Student´s t-test, n.s.). WT: n = 32 neurons/ 6 mice, APLP2-KO: n = 25 neurons/ 5 mice. Values represent mean ± SEM.](2051-5960-2-36-1){#F1}

Consistent with Sholl analysis neither total dendritic complexity (Figure [1](#F1){ref-type="fig"}e) nor total dendritic length (Figure [1](#F1){ref-type="fig"}f) of APLP2-KO neurons was significantly affected (Student's t-test, n.s.). Similarly to the results obtained for APLP2-KO neurons, analysis of APLP1-KO CA1 neurons revealed no significant differences in total dendritic length or dendritic branching (Additional file [1](#S1){ref-type="supplementary-material"}: Figure S1). These results indicate that neither lack of APLP2 nor of APLP1 causes major alterations in the neuronal architecture of mature CA1 pyramidal cells in organotypic hippocampal cultures.

APP-KO neurons show reduced complexity of apical dendrites and an increased number of primary and secondary basal dendrites
---------------------------------------------------------------------------------------------------------------------------

In contrast, APP-KO CA1 neurons displayed several distinct alterations of neuronal architecture, already apparent when inspecting reconstructed dendritic trees (Figure [2](#F2){ref-type="fig"}a). Although no overall significant differences in total dendritic length (see Figure [2](#F2){ref-type="fig"}b) and total dendritic complexity were detectable (see Figure [2](#F2){ref-type="fig"}f; Student's t-test, n.s.), detailed Sholl analysis revealed a pronounced reduction of dendritic complexity in mid-apical regions of apical dendrites of APP-KO neurons as compared to WT CA1 neurons (Figure [2](#F2){ref-type="fig"}d; Repeated measure ANOVA, Genotype F~(1,72)~ = 4.293, p = 0.04, Bonferroni multiple comparison test: p \< 0.05 for 300 μm, 330 μm, 360 μm). In addition, we observed a significantly increased number of primary (Figure [2](#F2){ref-type="fig"}e; Student's t-test, p ≤ 0.001) and secondary basal dendrites (data not shown). Moreover, Sholl analysis revealed significantly increased branching in proximal regions (30 μm) of basal dendrites of APP-KO CA1 pyramidal cells (Figure [2](#F2){ref-type="fig"}c). Thus, in contrast to APLP-deficiency, lack of APP has major effects on the neuronal architecture of CA1 pyramidal cells.

![**Loss of APP affects morphology of hippocampal CA1 pyramidal neurons. (a)** Representative examples of 3D-reconstructed CA1 neurons from WT (left) and APP-KO mice (right). Note the differences in dendritic complexity: arrows indicate reduced complexity of mid-apical dendrites and arrowheads an increase in the number of primary basal dendrites in APP-KO neurons. **(b)** Total dendritic length in APP-KO neurons was slightly, but not significantly decreased when compared to WT neurons (Student's t-test, p = 0.07). **(c, d)** Sholl analysis comparing basal **(c)** and apical **(d)** dendrites between WT and APP-KO neurons. **(c)** In basal dendrites of APP-KO neurons dendritic complexity was increased in regions proximal to the soma (30 μm distance; Repeated measure ANOVA with Bonferroni multiple comparison test, \*\*\*p ≤ 0.001). (**d**) Note that in apical dendrites of APP-KO cells dendritic complexity was highly reduced at 300 μm, 330 μm and 360 μm (Repeated measure ANOVA with Bonferroni multiple comparison test, \*p ≤ 0.05, \*\*p ≤ 0.01). **(e)** Comparison of the number of primary basal dendrites. Note that the number of primary basal dendrites is considerably increased in APP-KO (WT: 5.06 ± 0.37 versus APP-KO: 7.10 ± 0.43; Student's t-test, \*\*\*p ≤ 0.001, WT data same as in Figure [1](#F1){ref-type="fig"}). **(f)** Total dendritic complexity was decreased, but did not reach significance likely due to the opposing effects on basal and apical dendrites. **(g)** Input-output-strength was analyzed in organotypic hippocampal cultures at DIV21-24, which revealed no alterations in basal synaptic transmission between WT and APP-KO mice. **(h)** Paired-pulse facilitation showed no significant differences between genotypes. **(g, h)** Student's t-test, n = number of OHCs analyzed per genotype. **(b-f)** WT: n = 32 neurons/6 mice, APP-KO: n = 42 neurons/7 mice. All values represent mean ± SEM.](2051-5960-2-36-2){#F2}

Due to the perinatal lethality of APP/APLP2-DKO mice we used OHCs prepared at P0 in this study. To functionally characterize these preparations in more detail and to assess whether morphological defects might be related to compromised synaptic transmission, recordings of field potentials (fEPSPs) were performed (Figure [2](#F2){ref-type="fig"}g) in stratum radiatum corresponding to mid-apical regions of CA1 cells at a distance of \~100-200 μm from the soma. Field potentials could readily be measured, indicating functionally intact synaptic connections of the Schaffer collateral CA3/CA1 pathway. Compared to WT slices, APP-KO slices showed no significant differences in basal synaptic transmission (Figure [2](#F2){ref-type="fig"}g). In addition, we also studied short-term plasticity and analyzed paired-pulse facilitation (PPF) at various interstimulus intervals (see Figure [2](#F2){ref-type="fig"}h). PPF could readily be induced in both WT and APP-KO OHCs at all interstimulus intervals tested, indicating the functionality of presynaptic components in these preparations. No significant differences in PPF were detectable in APP-KO slices compared to WT slices (Figure [2](#F2){ref-type="fig"}h). Taken together these data suggest that branching defects observed in APP-KO mice are not secondary to major defects in basal synaptic transmission.

APP/APLP2 double knockout mutants show additional branching defects as compared to single KO mutants
----------------------------------------------------------------------------------------------------

Although APLP2-KO neurons showed unaltered neuronal morphology we next assessed whether a redundant function of APLP2 for neuronal architecture might have been masked and compensated for by the presence of APP. Thus, to circumvent functional compensation, we studied neuronal morphology in APP/APLP2-DKO cultures in comparison to APP-KO and APLP2-KO control cultures and asked whether the combined loss of APP and APLP2 would lead to additional defects beyond those already seen in APP-KO mice.

In APP/APLP2-DKO neurons we found a further significant increase in the number of primary basal dendrites compared to APP-KO neurons (Figure [3](#F3){ref-type="fig"}b; Student's t-test, p ≤ 0.05). Overall, Sholl analysis of basal dendrites revealed a branching pattern highly similar to that of APP-KO single mutants (Figure [3](#F3){ref-type="fig"}c, Repeated measure ANOVA with Bonferroni multiple comparison test, Genotype F~(1,77)~ = 0.1594, p = 0.69, n.s.). Interestingly, however, Sholl analysis of apical dendrites from DKO neurons lacking both APP and APLP2 showed prominent additional branching defects in proximal apical dendrites as compared to APP-deficient single KO mice (Figure [3](#F3){ref-type="fig"}d; Repeated measure ANOVA, Genotype F~(1,77)~ = 5.149; p = 0.03, Bonferroni multiple comparison test: p ≤ 0.05 for 60 μm, 90 μm, 120 μm, 150 μm). Likewise, APP/APLP2-DKO also showed a similar increase in branching of proximal apical dendrites when compared to APLP2-KO single mutant (see Additional file [1](#S1){ref-type="supplementary-material"}: Figure S2d; Repeated measure ANOVA, Genotype F~(1,60)~ = 9.155, p = 0.004, Bonferroni multiple comparison test: p ≤ 0.001 for 90).

![**Pyramidal cells from combined APP/APLP2-DKO neurons show additional defects in dendritic complexity compared to APP-KO single mutants.(a)** Representative example of 3D-reconstructed CA1 neurons from APP-KO mice (left) and APP/APLP2-DKO mice (right). Note the differences in dendritic complexity: arrowhead indicates an increase in the number of primary basal dendrites in APP/APLP2-DKO neurons. **(b)** Comparison of the number of primary basal dendrites revealed an increase in APP/APLP2-DKO neurons when compared to neurons from APP-KO mice (APP-KO: 7.10 ± 0.43 versus APP/APLP2-DKO 8.89 ± 0.79; Student's t-test, \*p ≤ 0.05, APP-KO data same as in Figure [2](#F2){ref-type="fig"}). **(c)** The branching pattern of basal dendrites from APP/APLP2-DKO mice resembles that of APP-KO neurons (Repeated measure ANOVA with Bonferroni multiple comparison test, n.s.) whereas **(d)** apical dendrites of APP/APLP2-DKO neurons are characterized by an additional branching defect close to the soma (60 μm, 90 μm, 120 μm, 150 μm; Repeated measure ANOVA with Bonferroni multiple comparison test, \*\*p ≤ 0.01, \*\*\*p ≤ 0.001). **(e, f)** Total dendritic complexity **(e)** and total dendritic length **(f)** was not affected in APP/APLP2-DKO neurons as compared to neurons from APP-KO mice (Student's t-test, n.s.; APP-KO: n = 42 neurons/7 mice, APP/APLP2-DKO: n = 37 neurons/6 mice. All values represent mean ± SEM.](2051-5960-2-36-3){#F3}

The additional branching defects of APP/APLP2-DKO neurons as compared to APLP2-KO neurons were also reflected in a now significantly reduced total dendritic complexity and total dendritic length (Additional file [1](#S1){ref-type="supplementary-material"}: Figure S2e, f; Student's t-test, p ≤ 0.05). Taken together these data indicate functional redundancy and suggests that both APP and APLP2 are required for normal neuronal morphology.

APP-KO neurons show a highly reduced spine density that is not further decreased by an additional lack of APLP2
---------------------------------------------------------------------------------------------------------------

Next, we performed spine density counts on reconstructed basal dendrites and in mid-distal portions of apical dendrites (roughly corresponding to the region that showed reduced branching in APP-KO and APP/APLP2-DKO neurons) of all single and combined knockout mutants (Figure [4](#F4){ref-type="fig"}). Remarkably, we found a highly reduced (by 31.1 ± 2.2%) spine density in APP-KO neurons both in apical dendritic regions and for basal dendrites of APP-KO neurons as compared to WT neurons (see Figure [4](#F4){ref-type="fig"}a,b; One-way ANOVA, with Bonferroni multiple comparison test, p ≤ 0.001). Although neurons biolistically transfected with fEGFP showed no signs of degeneration such as swelling or retraction bulbs we wanted to further substantiate our findings using an independent method and mouse line for analysis. We generated entorhino-hippocampal slice cultures of APP-KO mice crossed with a transgenic Thy1-GFP mouse line (M line) \[[@B33]\] and imaged side branches of mid-apical dendrites of GFP-labeled CA1 neurons. In these preparations a similar reduction of dendritic spine density was observed (by 24.2 ± 3.5%, Student's t-test, p ≤ 0.01).

![**Comparative analysis of APP/APLP mutant mice reveals a reduction in spine density only in APP and APP/APLP2-DKO neurons. (a, b)** Spine density counts were performed for either basal **(a)** or mid-apical **(b)** dendrites of CA1 neurons of the indicated genotypes and values expressed relative to APP-WT dendrites set as 100%. **(a, b)** Basal and apical dendrites from APP-KO and APP/APLP-DKO both show significant reductions in spine density, as compared to either WT or APLP2-KO mice. In contrast, APLP2-KO and APLP1-KO were unaffected. Note that spine density of APP/APLP2-DKO dendrites was not significantly different from that of APP-KO dendrites. Next, we compared WT and APLP1-KO neurons. Spine density of APLP1-KO neurons was comparable to WT neurons. Spine density was determined using n = 15-30 neurons/ genotype from 5-12 mice per genotype. All Values represent mean ± SEM, One-way ANOVA with Bonferroni multiple comparison test. Asterisks indicate statistically significant differences; \*\*\*p ≤ 0.001.](2051-5960-2-36-4){#F4}

In contrast to APP-KO pyramidal cells, we were unable to detect significant differences in spine density in basal or apical dendrites of APLP2-KO mice (Figure [4](#F4){ref-type="fig"}a, b; One-way ANOVA with Bonferroni multiple comparison test, p \> 0.05). To determine whether APLP2 has a similar and potentially redundant role for spine density as observed for dendritic complexity and arborization, we also determined spine density in combined APP/APLP2-DKO neurons. In double mutants, we detected again a prominent reduction in spine density compared to dendrites of APLP2-KO and WT neurons (Figure [4](#F4){ref-type="fig"}a,b; One-way ANOVA with Bonferroni post hoc test, p ≤ 0.001). Spine density was, however, not further reduced by an additional lack of APLP2 in APP/APLP2-DKO neurons, as evidenced by a similar, not significantly different reduction in spine density in DKO neurons as compared to APP-KO neurons (Figure [4](#F4){ref-type="fig"}a,b). Next, we also determined spine density in APLP1-KO versus WT CA1 neurons. As seen for APLP2-KO neurons, spine density was not significantly affected by the lack of APLP1 (Figure [4](#F4){ref-type="fig"}a, b).

Expression of APPsα prevents spine density deficits and altered spine type distribution
---------------------------------------------------------------------------------------

APP family proteins are known to form cis- and trans-dimers on the cell surface \[[@B36]\] and trans-cellular adhesion of APP family proteins may induce hemisynapses *in vitro*, as APP overexpression in HEK cells was shown to induce presynaptic specialization in co-cultured hippocampal neurons \[[@B37]\]. In line with a synaptotrophic role of APP it has been demonstrated that overexpression of recombinant human APP (huAPP) in dissociated hippocampal neurons increases spine density \[[@B17]\]. Our finding that APP-KO neurons exhibit reduced spine density indicated that a lack of transmembrane APP or the lack of one of the proteolytic APP fragments causes this effect. To gain further mechanistic insight we therefore investigated spine density in OHCs prepared from our previously generated APPsα knockin (KI) mice \[[@B15]\]. In these mice we had used gene targeting in ES cells to introduce a stop codon into exon 16 of the endogenous mouse APP locus just behind the α-secretase cleavage site. Thus, APPsα-KI mice lack full length APP and express instead solely the secreted APPsα ectodomain (see Western blot Figure [5](#F5){ref-type="fig"}b) albeit at a somewhat reduced level (60% of WT level, as assessed by qPCR; see \[[@B15]\]) under control of the endogenous APP promoter (Figure [5](#F5){ref-type="fig"}a), throughout development including the time of neuronal differentiation and synaptogenesis. Strikingly, spine density of APPsα-KI CA1 neurons was not significantly different from that of WT neurons on either basal dendrites or mid-apical segments of apical dendrites, indicating that the APP C-terminus is dispensable and that transmembrane APP isoforms are not essential to mediate normal spine counts (see Figure [5](#F5){ref-type="fig"}c, One-way ANOVA, basal: Genotype F~(2,47)~ = 20.25, p \< 0.001, apical: Genotype F~(2,47)~ = 10.46, p = 0.0002; Bonferroni multiple comparison for basal and apical: WT or APPsα-KI vs. APP-KO p ≤ 0.001, WT vs. APPsα-KI n.s.).

![**APP-KO neurons exhibit alterations in spine density and spine type distribution that are rescued in CA1 neurons of APPsα-KI mice. (a)** Scheme depicting the genotypes analyzed and selected proteolytic APP fragments. Note that APPsα-KI neurons lack transmembrane APP and express solely the secreted APPsα ectodomain, recognized by m3.2 antibody. Bottom: scheme of the modified genomic APPsα-KI locus. **(b)** Western blot analysis of soluble APPs expressed in APPsα-KI brain probed with the APPsα-specific antibody m3.2. APP-KO brain was used as a negativ control, β-tubulin staining as a loading control **(c)** left panel: Spine density of basal and apical dendrites of APP-KO CA1 neurons is severely reduced compared to WT neurons (One-way ANOVA with Bonferroni multiple comparison, \*\*\*p ≤ 0.001) whereas no significant alterations were detectable for APPsα-KI neurons (One-way ANOVA with Bonferroni multiple comparison, n.s.). Number of neurons used for spine density determination: WT n = 20, APP-KO n = 15, APPsα-KI n = 14. Right panel: Representative images of apical dendrites from the indicated genotypes (Scale bar: 5 μm). **(d)** Spine length was not significantly altered between WT, APP-KO and APPsα-KI (One-way ANOVA, n.s.). **(e)** Comparison of the relative frequency of spine types. Note that APP-KO neurons show a significant reduction in the number of mushroom spines and increased numbers of stubby spines (see results for details). Spine type distribution of APPsα-KI neurons was not significantly different from WT neurons. For spine type distribution analysis the number of neurons per genotype was: WT n = 15, APP-KO n = 15, APPsα-KI n = 14. Values represent mean ± SEM; One-way ANOVA with Bonferroni multiple comparison test, \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.](2051-5960-2-36-5){#F5}

We also compared the size and form of dendritic spines, as changes in these parameters are expected to have a major impact on biochemical signaling and electrophysiological properties of synapses \[[@B38],[@B39]\]. Three major spine types can be distinguished by morphological criteria: stubby, thin and mushroom spines. This classification is based on measurements of spine length and additionally the ratio between the spine head and spine neck diameter providing objective criteria (see Figure [5](#F5){ref-type="fig"}e and materials and methods) to classify the great variety of spine morphologies \[[@B29]-[@B31]\]. Spine type analysis (see Figure [5](#F5){ref-type="fig"}e) revealed that APP-KO CA1 neurons show significantly fewer mushroom-type spines (62.8 ± 0.4% versus 71.5 ± 0.4%; n = 14-15 neurons/genotype and more than 4300 spines/genotype, One-way ANOVA with Bonferroni multiple comparison test, p ≤ 0.001) and a corresponding increase in stubby spines (26.6 ± 0.4% versus 20.1 ± 0.3%, One-way ANOVA with Bonferroni multiple comparison test, p ≤ 0.05).

Again, for APPsα-KI neurons, however, no significant alterations in spine type distribution were detectable as compared to WT neurons, suggesting that APPsα is sufficient for signals mediating normal spine type distribution (Figure [5](#F5){ref-type="fig"}e; stubby spines: ANOVA F~(2,41)~ = 7.266, p = 0.002; mushroom spines: ANOVA F~(2,41)~ = 11.43, p = 0.0001; thin spines: ANOVA F~(2,41)~ = 2.064, p = 0.1399). No significant alterations in spine length were detectable in any of the genotypes studied (Figure [5](#F5){ref-type="fig"}d; One-way ANOVA, F~(2,41)~ = 1.254, p = 0.30, n.s.; WT (1.047 ± 0.03 μm), APP-KO (1.079 ± 0.05 μm) and APPsα-KI (1.128 ± 0.03 μm)).

The role of APPsα for dendritic branching appears to be more complex. Although APPsα-KI mice showed a rescue of dendritic branching of distal apical segments (Additional file [1](#S1){ref-type="supplementary-material"}: Figure S3), i.e. the region where we had observed a reduced dendritic complexity of APP-KO neurons, no rescue was observed for basal dendrites (Additional file [1](#S1){ref-type="supplementary-material"}: Figure S3). This selective effect of APPsα on distal apical dendrites contrasts with the more general role of APPsα for spine density on both basal and apical dendrites of CA1 pyramidal cells. Collectively, these studies of CA1 pyramidal cells in OHCs revealed a combined role of APP and APLP2 for dendritic architecture already at early developmental stages and a unique function of secreted APPs, in particular APPsa, for spine density.

Discussion
==========

The analysis of APP physiological functions has been complicated by functional redundancy between APP and the structurally related and similarly processed APLPs. We therefore conducted a systematic comparative analysis of neuronal morphology in single and combined APP/APLP knockout mutants. One of the key findings of this study is that both APP and APLP2 are required for normal dendritic complexity of CA1 pyramidal cells. In addition, we show that APP serves a unique, non-redundant physiological function for spine structure, as evidenced by a striking decrease in spine density selectively in APP-KO mice, in particular a reduction in the proportion of mushroom spines thought to represent mature synapses. Mechanistically, we demonstrate using a genetic approach that the endogenously produced secreted APPsα fragment is sufficient to mediate signals that result in normal spine densities in the absence of transmembrane APP isoforms.

APP family proteins are highly expressed in neurons with peak levels paralleling synaptogenesis \[[@B40],[@B41]\] and are enriched in motile tips of growth cones where APP colocalizes with the adaptor protein Fe65 in actin-rich lamellipodia \[[@B40],[@B42]\]. In addition, APP and APLPs have been shown to interact with extracellular matrix components such as heparin, HPSGs, laminin and collagen via their conserved N-terminal domains \[[@B43]-[@B45]\]. Consistent with a role in cell-substrate and/or cell-cell adhesion we had previously shown that triple knockout of all three APP/APLP proteins \[[@B46]\] or *in utero* knockdown of APP/APLPs lead to neuronal migration defects during cortical development \[[@B45],[@B46]\].

Several reports in neuroblastoma cells or dissociated neurons have previously linked APP expression to neurite outgrowth \[[@B45],[@B47]-[@B55]\]. Hippocampal neurons deficient for APP showed initially reduced neurite outgrowth, whereas after prolonged culture, elongation of the longest neurite was reported \[[@B45],[@B47]\]. However, *in vitro* studies using dissociated neurons may be highly variable, due to effects of different cell densities and/or concentrations of secreted factors \[[@B17],[@B19]\]. Thus, we intended to re-examine the role of APP for neuronal morphology and in addition to study systematically the specific or potentially redundant role of APLP1 and APLP2 in organotypic hippocampal cultures (OHCs), a well established preparation closely resembling the *in vivo* situation with regard to neuronal connectivity and cell types (e.g. excitatory and inhibitory neurons, glia) that allows to study mature neurons \[[@B22],[@B56]-[@B58]\]. Importantly, using OHCs we could also circumvent the perinatal lethality of APP/APLP2 DKO mutants.

Combined role of APP and APLP2 for dendritic complexity
-------------------------------------------------------

Amongst the APP family members APP has a prominent role for dendritic architecture as the knockout of APP alone strongly affected morphology of mature CA1 neurons, while lack of either APLP1 or APLP2 did not lead to alterations. However, functional redundancy can only be assessed in combined mutants, as previously demonstrated for the lethality and defects in neuromuscular or cortical development observed in double and triple knockouts \[[@B20],[@B21],[@B46]\]. Indeed, in APP/APLP2-DKO neurons we found striking additional defects in the dendritic complexity of apical dendrites as compared to single APP-KO mutants. These findings reveal a novel function of APLP2 for neuronal morphology in the hippocampus. Further studies are needed to investigate a potentially similar role for APLP1, and can only be fully addressed upon generation of conditional APP/APLP triple mutants (see e.g. \[[@B59]\]). *In vitro* studies have implicated multiple domains of APP in neurite outgrowth including APP transmembrane isoforms, the secreted APP ectodomain, or CTFs and several mechanisms have been proposed \[[@B45],[@B49],[@B54],[@B55],[@B60],[@B61]\]. In light of our findings that both APP and APLP2 are important for neuronal morphology in OHCs it appears likely that these functions are mediated by conserved APP/APLP protein domains and may involve APP/APLP mediated adhesion or signaling \[[@B36],[@B55],[@B62]\]. This view is consistent with our previous studies of the neuromuscular junction, indicating that both secreted APPsα and transmembrane isoforms of APP and APLP2 are required for normal neuromuscular junction development and function \[[@B35]\]. As APP has also been implicated in axonal outgrowth \[[@B45],[@B51],[@B52],[@B55]\] it is conceivable that alterations in dendritic complexity of APP-KO and APP/APLP2-DKO neurons might also be related to changes in axonal projections leading to reduced synaptic input e.g. in distal regions of CA1 apical dendrites. Our data also suggest that morphological postsynaptic defects occur despite the lack of major presynaptic defects and are thus not secondary to major defects in transmitter release. In fact, similar fEPSP values in mid-apical regions between WT and APP-KO correspond well to unaltered dendritic branching in these regions. In APP-KO mice dendritic branching defects and reduced spine density of apical dendrites was restricted to further distal dendritic segments (300, 330 and 360 μm), at a distance from the soma at which extracellular EPSP values were too small to be detectable. So far, our data on EPSP responses, short-term plasticity (this study) and LTP (see \[[@B35]\] and data not shown) have not revealed significant differences between WT and APP-KO OHCs. This might also be due to the increased experimental variability of the OHC preparations that reduces sensitivity of the functional readout and precludes the detection of more subtle defects. Future studies focusing on the relationship between the morphological defects and neuronal function will have to shed light on this issue.

Endogenously produced APPsα is sufficient for normal spine density and spine type distribution
----------------------------------------------------------------------------------------------

The second key finding was the surprisingly unique role of APP for dendritic spine density, as evidenced by a substantial reduction in spine counts in APP-KO neurons and no detectable alterations in either APLP1-KO or APLP2-KO dendrites. Importantly, even a combined lack of APP and APLP2 (in APP/APLP2-DKO cultures) did not reveal a role of APLP2 for spine density. These data are further supported by our previous electrophysiological studies in hippocampal slices from aged mice, which indicated that lack of APP results in LTP deficits \[[@B15]\], whereas lack of APLP2 does neither affect basal synaptic transmission nor synaptic short- or long-term plasticity, even in aged mice \[[@B35]\]. In this regard, it is important to note that previous *in vitro* studies using dissociated APP-KO neurons led to conflicting results with an about twofold increase in functional synapses in low density autaptic cultures of APP-KO neurons \[[@B19]\] contrasting with decreased spine densities in bulk cultures from APP-KO mice \[[@B63]\] or upon shRNA knockdown of APP \[[@B17]\]. The reason for these conflicting data is presently unclear but might be related to differences in cell density and the fact that dissociated cultures only imperfectly model physiological concentrations of soluble factors and/or neuronal connectivity.

Our finding that lack of APP leads to highly reduced spine counts in OHCs indicates that APP or any of the various proteolytic fragments such as Aβ, secreted APPs, CTFs or AICD is required for normal spine numbers. Indeed, several hypothesis how APP may affect spine density had been proposed, based on *in vitro* systems or pharmacological intervention *in vivo*. Using dissociated neurons Lee and coworkers suggested that the reduced spine density resulting from APP knockdown *in vitro* may be due to a lacking interaction of cell surface APP with the extracellular matrix protein Reelin \[[@B17]\]. In contrast, another study observed increased spine densities (as assessed by two photon *in vivo* imaging) in apical tufts of cortical neurons of adult (4-6 month old) APP-KO mice \[[@B18],[@B19]\]. Given that γ-secretase inhibitors reduced spine density of WT neurons, but had no effect on APP-KO neurons, it was proposed that the inability to produce Aβ or AICD may increase synapse formation in APP-KO neurons \[[@B18],[@B19]\]. However, interpretation of pharmacological data is difficult due to effects that may be mediated by other targets, which is particularly critical for γ−secretase with a multitude of additional substrates besides APP \[[@B2]\]. In this regard, the same γ-secretase inhibitor (DAPT) when applied to dissociated WT neurons, had previously been found to increase synapse numbers (as opposed to the decrease found in adult cortex), whereas APP-KO neurons were again not affected by DAPT treatment \[[@B19]\].

In this study, we therefore choose a genetic approach to directly address the physiological role of APP family members in intact hippocampal tissue and demonstrate that the endogenously produced secreted APPsα ectodomain is sufficient for normal spine density in mature CA1 neurons even in the absence of transmembrane APP. Our data obtained with hippocampal tissue are further supported by a recent *in vitro* study showing that conditioned media containing APPsα can to some extent (by about 50%) restore spine density deficits of cultured APP-KO neurons \[[@B63]\]. In turn, our findings also imply that autocrine or paracrine APPsα signaling, important for spine formation and/or maintenance, involves a so far unknown receptor distinct from APP itself. Collectively, we report a unique non redundant role of APP and APPsα for spine density of CA1 neurons and a synergistic role of APP and APLP2 for dendritic morphology.

Role of APP and APPsα in the adult brain, for aging and AD pathogenesis
-----------------------------------------------------------------------

Additional evidence indicates a requirement of APP for neuronal architecture and function also in adult mice. A recent study described reduced dendritic complexity and a moderate reduction in spine density in CA1 neurons of aged (12-15 month old) APP-KO animals \[[@B63]\], that was associated with pronounced deficits in LTP of aged APP-KO mice \[[@B14],[@B15],[@B64]\], which we had previously shown to be rescued in APPsα-KI mice \[[@B15]\]. Together, this indicates a dual role of APP for spine structure: an early requirement of APP at stages of spine formation/maturation and also for the maintenance of spines during aging. Further support for a synaptotrophic role of APP and APPsα comes from transgenic mice with moderate overexpression of human WT APP \[[@B65]\], or indirect up-regulation of APPsα by transgenic expression of the α-secretase ADAM10 \[[@B66]\], that is enriched at synaptic contacts \[[@B67]\], which all lead to increased synaptic density. In Tg2576 mice expression of mutant huAPP increased spine density in CA1 and cortical neurons of young mice prior to plaque deposition possibly via APPsα, whereas spine density was decreased in aged animals, presumably due to Aβ-mediated synaptotoxic effects \[[@B16],[@B17]\]. In addition, oligomeric forms of Aβ have been reported to compromise synaptic function in Tg2576 mice even before plaque development \[[@B68]\]. Thus, different APP fragments (e.g. APPsα and Aβ) likely mediate opposing functions for synapse formation or maintenance that are highly relevant not only for normal brain physiology but also AD pathogenesis. As there is a shift towards the amyloidogenic pathway in AD reduced levels of APPsα may contribute to AD pathogenesis \[[@B5]\]. Indeed, decreased levels of APPsα levels and/or ADAM10 activity (the major the α-secretase) have been reported in the cerebrospinal fluid (CSF) of AD patients \[[@B69]-[@B74]\]. Moreover, lowered levels of CSF APPsα are correlated with poor memory performance in aged WT rats \[[@B75]\]. Intriguingly, a recent study indicated that APPsα can also directly modulate APP processing by reducing BACE activity, and thereby lower Aβ levels in cells and in AD model mice \[[@B76]\]. Irrespective of whether there is a lack-of-function component in AD pathogenesis caused by diminished APPsα production, the well-established functions of APPsα in neuroprotection (see e. g. \[[@B77]\] and review by \[[@B1]\]), synaptic plasticity \[[@B15],[@B35],[@B78],[@B79]\] and our data from the present study suggest that enhancing/restoring of APPsα levels may be beneficial to counteract and alleviate early AD related symptoms including deficits in spine density.
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Comparative analysis of single and combined APP/APLP knockouts reveals reduced spine density in APP-KO mice that is prevented by APPsα expression.
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